Purpose. Hypervirulent Klebsiella pneumoniae (hvKp) has emerged as a leading cause of severe community-acquired pneumonia, liver abscess and disseminated infection in the Far East. Data regarding the incidence, clinical features and microbiological characteristics related to hvKp infections in the Western world are scarce.
INTRODUCTION
Klebsiella pneumoniae stands out as one of the most frequently identified Gram-negative bacteria worldwide in the hospital setting. Historically, it is known to give rise to a wide range of clinical manifestations including urinary tract infections, pneumonia, soft tissue infections, septicaemia and abscesses, especially in the hospital setting [1, 2] . However, the last three decades have heralded the emergence of a novel clinical and microbiological hypervirulent entity [1, [3] [4] [5] . Besides liver abscess, hvKp has been shown to cause community-acquired, life-threatening and invasive infections with a distinct proneness for dissemination in otherwise healthy individuals [6] . Among the 78 capsular serotypes associated with K. pneumoniae, K1 and K2 are recognized as being related to increased virulence. Multilocus sequence typing (MLST) has further refined the characterization of hypervirulent strains by demonstrating that ST23 (K1 strains), ST86, ST380 and ST375) (K2 strains) are the most prevalent STs. In addition, the hypervirulent phenotype has been connected with a wide array of acquired plasmid-encoded and/or chromosomal genes or both, such as rmpA responsible for upregulation of the capsule and the allS cluster associated with allantoin metabolism [5] . Also included are gene clusters responsible for siderophore expression, namely aerobactin (iucABCD), yersiniabactin (irp/ybt), salmochelin (iroBCDE) and the ABC iron transporter Kfu (kfu). Once believed to be restricted to the Pacific rim, previous reports have evidenced that hvKp infections have been encountered in Europe, the Americas, Africa and the Middle East [7] [8] [9] [10] [11] [12] [13] [14] . However, the magnitude of hvKp epidemics outside Asia is hitherto unknown and any indication confirming the actual status of this phenomenon in other countries is sorely needed. In this prospective monocentric study conducted in a single French intensive care unit, we sought to investigate the incidence, clinical features, bacteriological findings and outcomes associated with 12 cases of hvKp collected over a 53-month period.
METHODS

Study population
A prospective observational study of patients from which hvKp was isolated was conducted in the intensive care unit (ICU) of Hôpital Louis Mourier. The unit is a 17-bed facility located in an academic tertiary care, consisting of a 460-bed hospital in the Paris area. The study period was September 2011 to November 2016.
Following an index case of fatal hvKp-related pneumonia that occurred in September 2011, all patients admitted to our unit with community-acquired K. pneumoniae infection underwent systematic prospective screening for hvKprelated infection [14] . The total number of K. pneumoniae hospital-acquired infections in the ICU was also collected during the study period.
Microbiological assessment, definitions and testing for hypervirulent K. pneumoniae Upon admission to the ICU, systematic microbiologic assessment included sputum culture, blood culture and detection of urine antigens of Streptococcus pneumoniae and Legionella pneumophila for patients admitted with suspected pneumonia. Otherwise, microbiological testing was dependent on the site of infection. From September 2011 to January 2015, K. pneumoniae strains were identified using the API 20E system (bioM erieux, Marcy l¢Etoile, France) and, from January 2015 on, using matrix-assisted laser desorptionionization/time-of-flight mass spectrometry (Bruker, Wissembourg, France). Antimicrobial susceptibilities were determined using the disk diffusion method in compliance with guidelines provided by the European Committee on Antimicrobial Susceptibility Testing (www.eucast. org).
A K. pneumoniae isolate was deemed community-acquired if the hvKp specimen was obtained within 72 h following admission of the patient with pneumonia, and 48 h for all other sites of infection [15] from patients without prior hospitalization. All K. pneumoniae isolates recovered in the setting of community-acquired infections were subjected to the 'string test'. This test consists of stretching bacterial colonies grown for 24 h at 37 C on blood agar plates with an inoculation loop. The test was considered positive if the achieved string reached at least 5 mm [16] . As planned, string test-positive isolates underwent sequence type determination using the international multilocus sequence typing (MLST) scheme of Institut Pasteur, Paris, France (http:// bigsdb.pasteur.fr/klebsiella/klebsiella.html). In addition, a multiplex PCR targeted genes known to be markers associated with virulence: rmpA, ybtS (yersinabactin), kfu (iron transport), iutA (aerobactin), mrkD (fimbriae), allS (allantoin metabolism) and the specific wzi gene (from the capsular operon of Kp), respectively for K1 and K2 serotypes [17] . As described by Compain et al., primers for entB in the design of the multiplex PCR were used as a positive control. In addition, iroN (salmochelin) was sought for using a targeted PCR simplex.
Case definition and clinical features When a K. pneumoniae isolate fulfilled phenotypic and genotypic criteria consistent with hvKp, the patient's prospectively collected data (including demographic features, overseas travel over the last 10 years, alcohol abuse, recreational drug, tobacco use, chronic respiratory and liver impairment, presence and type of immunodeficiency, diabetes mellitus and cardiovascular comorbidities) were retrospectively reviewed. Exposure to steroids, non-steroidal anti-inflammatory drugs and prior antimicrobial exposition was documented. Initial site of infection was defined as the first organ microbiologically proven to be infected. Disseminated infection was defined as microbiologically documented infection of organs other than the initial site of infection [18] .
Overall sepsis severity was assessed based on lactate level measurement and physiological and organ dysfunction scoring systems within 24 h following admission: simplified acute physiology score (SAPSII) and sequential organ failure assessment (SOFA). Shock and acute respiratory distress syndrome (ARDS) were defined in compliance with the Surviving Sepsis Campaign [19] and the Berlin definition, respectively [20] . Definitions for ventilator-associated pneumonia (VAP) were set in keeping with previous consensus [21] . The severity of acute kidney injury was defined in compliance with the KDIGO guidelines [22] . Acute-onchronic liver failure was deemed present whenever acute deterioration of pre-existing liver failure was evidenced based on the chronic liver failure-sequential organ failure assessment (CLIF-SOFA) score [23] . Thoracic imaging was performed in each case within 24 h of admission. In cases with both a chest X-ray and thoracic computed tomography (CT) scan, a higher priority was given to the chest CT in terms of definitive interpretation.
Data are reported as the median and interquartile range (IQR) (25th, 75th percentiles) or proportions, as appropriate and unless indicated otherwise. For each variable, statistical comparisons were made using a 2 test for categorical variables and Mann-Whitney test for continuous variables. A P value <0.05 was considered significant. Table 1 .
Initially, hvKp caused community-acquired pneumonia in 10 cases (83.3 %) and liver abscess in two. Aspiration was deemed to be the mode of lung infection in 4 cases (33.3 %) as pneumonia occurred concurrently or immediately following the occurrence of coma, the indication for ICU admission in each case. A total of 296 severe CAP requiring ICU management were recorded in the unit during the study period. Hence, hvKp-associated CAP represented a total of 3.4 % (n=10/296) of the incidence of CAP. Other aspects pertaining to the clinical microbiological aspects are detailed in Table 2 . In both cases of liver abscess, K. pneumoniae was the sole bacterial pathogen identified.
The variables and clinical aspects regarding the ICU management of these patients are depicted in Table 3 . In three cases, refractory shock was manifest within 24 h of ICU admission. Life support was withheld on three occasions.
Hyper-mucoviscous K. pneumoniae microbiological assessment All K. pneumoniae strains retained wild-type antimicrobial susceptibilities, i.e resistance restricted to amoxicillin and ticarcillin. Strains were found to express either capsular antigen K1 (n=5) or K2 (n=7). MLST documented a total of four genotypes including ST23 (n=5), ST86 (n=5), ST380 (n=1) and ST65 (n=1). All strains harboured iutA, mrkD, ybtS, entB and iroN. In addition to magA, allS and kfu were detected in all K1 strains. Only two K2 strains were found to express kfu (Table 2) . Hence, all the hyper-mucoviscous strains analysed were deemed hypervirulent.
Hypervirulent K. pneumoniae characterization as compared to non-hypervirulent strains Upon univariate analysis, the lung was more likely to be the initial site of infection when patients were infected with hvKp (n=12) than in those with non-hvKp strains (n=14). Immunodepression and type 2 diabetes distributed evenly between both groups (see Table 3 for details). These patients did not present with a significantly increased likelihood of disseminated infection (P=0.30) or positive blood cultures (P=0.66). Patients infected with hvKp strains were more prone to develop multi-organ failure (P=0.01). In-unit mortality (P=0.46), AKI (P=0.22) or vasopressor requirement (P=1) were not different. ARDS tended to be more frequent in patients infected with hvKp strains (P=0.05).
DISCUSSION
To our knowledge, we describe for the first time a systematic single-centre investigation of hvKp infections in the Western world. This study is different to previous reports in that microbiological and clinical traits specific for hvKp infections were fully characterized. The first major finding in our study was the marked prevalence of hvKp infection, which was responsible for almost half (45.8 %) of community-acquired K. pneumoniae infections requiring ICU admission. In contrast, two retrospective hospital-based studies examining the prevalence of the hypervirulent phenotype among K. pneumoniae-associated bloodstream infections, conducted in the regions of Barcelona (2007 Barcelona ( -2009 and Stockholm (2007 Stockholm ( -2013 , found an overall frequency of 6 and 5.8 %, respectively [24, 25] . However, caution should be exercised when comparing these results. First, the scope of our study was limited to patients admitted to the ICU and therefore to the most severe K. pneumoniae infections, more likely to equate with hvKp. Second, our screening process for hvKp was widened to include other methods of microbiological sampling rather than being exclusively focused on bloodstream infections. Third, hvKp has been historically characterized as a community-acquired infection [3] . Thus, prevalence studies restricted to this population are expected to yield higher rates of the hypermucoviscous phenotype among K. pneumoniae isolates, as previously suggested [26] .
The second intriguing result arose from the mode of infection -aspiration pneumonia -in three patients. These cases are consistent with recent investigations that have fostered the concept that gastrointestinal carriage of hvKp strains may represent a prerequisite for infection. One study conducted among healthy South Korean individuals yielded a carriage rate for K1/ST23 K. pneumoniae strains close to 4.5 % [27] . Likewise, K1/K2 serotypes were found to be present in 9.8 % of Chinese residents of various Asian countries upon stool examination [28] . Nasopharyngeal portage has recently been highlighted as an alternative route of entry into the respiratory system. In this respect, K. pneumoniae strains isolated from nasopharyngeal samples collected among outpatients attending otorhinolaryngology clinics in Taiwan displayed similar capsular serotype distribution and genetic profile compared to patients with hvKp pneumonia [29] .
In contrast to previously reported studies, only one of the patients was of Asian ethnicity or reported any history of overseas travel. These observations are at variance not only with the great bulk of hvKp infections studies, which overwhelmingly stem from the Pacific rim, but also with the few series originating from other regions of the world [7, 8] and a recent review which examined the ethnicity of patients reported with hvKp infections in the Western world [30] . Our study therefore clearly invites us to question the prevailing view whereby hvKp infections are specific to the Asian community.
Although the size of the cohort (n=12) precludes any definitive conclusion, our findings recapitulate previously published evidence with respect to the MLST profile and virulence gene distribution. K1 isolates were composed exclusively of ST23 whereas K2 isolates yielded more diverse sequence types (ST86: n=5, ST380: n=1, ST65: n=1) [31] . This sequence type repertoire reflects the fact that K1 hvKp has been shown to stem from a unique clonal lineage (CC23) whereas K2 strains derive from genetically unrelated groups [32] . Of note, K. pneumoniae sequence types documented herein have all been previously connected with severe infections [8] . Impressively, gene analysis ascertained that every strain harboured the complete set of crucial markers for genes central to the hvKp phenotype [4, 33] . These include genes involved in the upregulation of capsule synthesis, such as rmpA [34, 35] , and various ironacquisition systems of unequal importance [36, 37] . Aerobactin appears to be the dominant siderophore and, unsurprisingly, was detected in all studied strains, as indicated by the gene marker iutA [36, 38] . In addition, yersiniabactin has been shown to be the most prevalent of all hvKP virulence-associated markers, a strong predictor of invasive infection and accounting for its proneness for respiratory tract infection [38, 39] . Consistently, both genes were present in all strains deriving from the hvKp cohort. Compared to non-hvKp, patients with hvKp were more likely to experience multi-organ failure (83.3 %, P=0.01). Even though mortality was not significantly different, half of the patients died as a result of hvKp infections and three patients presented with a fulminant course, including refractory shock -and ultimately death -within 24 h of admission. These results make a case for the genotype-phenotype relationship. Importantly, it might be noted that all isolates exhibited a wild-type resistance phenotype to antibiotics, usually regarded as a hallmark characteristic of hvKp [40] . Nevertheless, several reports have heralded the occurrence ofnew K. pneumoniae strains that would couple the virulence of hvKp with the resistant phenotype of extendedspectrum b lactamase and carbapenem-resistant isolates [38, 41, 42] .
The fact that hvKp screening was exclusively based on the string test, prior to confirmation by MLST and multiplex PCR analysis, may have underestimated the true incidence of hvKp infections. Genuine hvKp Infections have been described despite a negative string test, although this appears to be a rare occurrence [16] . In an area of low incidence of hvkp infections, the string test could represent a valuable screening tool. In the same vein, only communityacquired hvKp was tested. It may be surmised that an unknown proportion of nosocomial K. pneumoniae infections are in fact be due to unrecognized hypervirulent strains. Consistent with this postulate, hvKp accounted for 28.6 % of VAP attributed to K. pneumoniae in a recent study [43] . Finally, the cohort size was too small to determine whether specific serotypes or virulence profiles could be correlated to distinct outcomes and clinical patterns.
Conclusion
hvKp strains represent an underestimated cause of lethal pneumonia, by no means restricted to patients of Asian ancestry or with a history of overseas travel to Asia. Gastrointestinal or nasopharyngeal hvKp carriage should be envisaged as an alternate route of respiratory infections. Alongside ST23 strains, ST86 hvKp should be the focus of future studies investigating hvKp infections. Nevertheless K2 strains also proved to be more diverse, with two other serotypes (ST65 and ST380) in addition to ST86 identified as the cause of fatal hvKP infections [44] . In our study, every strain retained full susceptibility to antibiotics yet the emergence of K. pneumoniae strains in addition to a worrisome antimicrobial resistance pattern with a hypervirulent phenotype underscores the need for specific surveillance programmes.
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